Acmella oleracea ("jambu") is an Amazonian plant rich in alkylamides. Its flowers are widely used in folk medicine to treat toothache due to tingling, numbness, and local anaesthesia caused in the mouth. Our group previously demonstrated that the intraplantar (i.pl.) injection of an alkylamide-rich hexane fraction (HF) obtained from jambu flowers and a synthetic isobutylalkyl amide (IBA) displayed antinociceptive and anesthetic effects in acute pain models. Thus, here we evaluated the effects of HF and IBA on carrageenan-induced acute inflammation. Mice were pretreated with HF or IBA (0.01, 0.1, and 1 µg/20 µL, i.pl.) 15 min before carrageenan injection (300 µg/20 µL, i.pl.). Mechanical allodynia and paw oedema were evaluated previously (basal) and at 0.5 until 6 h following carrageenan. Both HF and IBA at 0.1 µg promoted effective and long-lasting antiallodynic and anti-oedematogenic activities until 3 and 5 h, respectively, in comparison to the different doses evaluated. At the inflammatory peak, the plantar surfaces were excised for measurement of inflammatory and oxidative stress parameters. HF and IBA (0.1 µg) reduced the myeloperoxidase activity, TNF-α and IL-1β levels, prevented the production of lipid hydroperoxides, and the decrease of antioxidant agents, namely superoxide dismutase and catalase activities, and glutathione contents. Furthermore, only HF maintained IL-10 levels and decreased PGE 2 synthesis. On the basis of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, HF and IBA are devoid of antioxidant activity in vitro. Collectively, our results demonstrated the promising anti-inflammatory effect of local pretreatment with alkylamides, supporting the potential of these molecules to treat acute inflammatory pain conditions. Inflammopharmacology
Introduction
Acute inflammation is a physiological process that occurs to protect the lesion area and present five cardinal signs: redness, increased heat, oedema, pain, and loss of function (Ji et al. 2016) . These physical manifestations are characterized by vascular permeability, cell migration, synthesis and release of cytokines and prostaglandins, production of free radicals and consequent oxidative stress (Nourshargh and Alon 2014) . Furthermore, peripheral activation and/or sensitization of primary sensory neurons (nociceptors) by proinflammatory mediators, as well as central sensitization by non-neural cells, contributes to the induction of mechanical allodynia (pain induced by normally innocuous mechanical stimuli) near to the injured tissue (Pinho-Ribeiro et al. 2017; Cook et al. 2018) .
The treatment of inflammatory painful conditions with non-steroidal anti-inflammatory drugs (NSAIDs) and, in some cases, using corticosteroid is well established. However, the adverse effects caused by NSAIDs, such as gastric ulcer, renal and hepatic damage, pulmonary and cardiovascular abnormalities (Day and Graham 2013) , and those caused by corticosteroid drugs, like immunosuppression and oedema (Schmidt and Willis 2007 ), could impair the success of therapy.
In order to develop new effective treatments and with less adverse effects, many research groups are working on medicinal plants, mainly focused on secondary metabolites as a source for drug discovery (Dutra et al. 2016) . Alkylamides are a promising group of bioactive compounds present in several genera from Asteraceae family: Acmella (Spilanthes), Anacyclus, Echinacea, and Heliopsis, and also in Zanthoxylum from the Rutaceae family (Greger 2016) . These molecules contain an unsaturated fatty acid-like portion and an amide group linked to a variable radical (Boonen et al. 2012) . In oral mucosa, alkylamides cause tingling, numbness, and local anaesthesia sensation (Greger 2016) . Preclinical studies have demonstrated the analgesic, antiinflammatory, and immunomodulatory effects promoted by these compounds (Gertsch et al. 2004; Wu et al. 2008; Nomura et al. 2013) .
Acmella oleracea (L.) R.K. Jansen, popularly known as "jambu", is an Amazonian plant very rich in alkylamides, mainly in spilanthol (Cheng et al. 2015; Dallazen et al. 2018) . In Northern Brazil, the flowers of jambu have been used in folk medicine for relief of toothache due to paresthesia and chemesthetic sensations evoked in the mouth (Prachayasittikul et al. 2013) .
We recently demonstrated that the intraplantar (i.pl.) administration of an alkylamide-rich hexane fraction (HF) obtained from jambu flowers and a synthetic isobutylalkyl amide (IBA, analogue of natural sanshool from Zanthoxylum piperitum) (Albin and Simons 2010) at low dose (0.1 µg/20 µL, i.pl.) displayed antinociceptive effects in acute models of experimental pain. The mechanisms underlying the antinociception are independent of the opioid system and dependent of TRPV1 antagonism. In addition, natural alkylamides from jambu also prevented mast cell degranulation and increased both mechanical and thermal paw withdrawal threshold, suggesting an anesthetic property. However, the administration of high-dose HF and IBA (30 µg/20 µL, i.pl.) induced pronociceptive effects mediated by TRPA1 activation and sensitization. Furthermore, at 30 µg HF induced mast cell degranulation, and IBA promoted TRPV1 activation and reduction of both mechanical and thermal paw withdrawal thresholds (Dallazen et al. 2018) .
In light of these considerations, this study evaluated the effect of local pretreatment with HF and IBA on carrageenan-induced acute hindpaw inflammation, investigating inflammatory and oxidative stress parameters.
Materials and methods

Animals
The experiments were conducted using Swiss (Mus musculus) male adult mice (25-30 g) provided by the local vivarium from Federal University of Paraná (Biological Sciences Sector). The animals were housed in controlled temperature and luminosity (22 ± 2 °C, 12 h light/dark cycle), air exhaustion, and free access to water and food (Nuvilab CR-1, Quimtia S/A, Brazil). All experimental protocols were conducted in agreement with the "Guide for the Care and Use of Laboratory Animals" (National Research Council 2011) and were previously approved by the local Ethics Committee of Animal Experimentation (CEUA/BIO-UFPR) under approval numbers 970 (process: 23075.132887/2016-00, 05/10/2016) and 1107 (process: 23075.192841/2017-12, 09/19/2017 ).
Pharmacological treatment with hexane fraction from Acmella oleracea flowers and synthetic isobutylalkyl amide
The procedures used for isolating and characterization of the hexane fraction (HF) from Acmella oleracea flowers have been previously described by Dallazen et al. (2018) . Briefly, jambu flowers were extracted using absolute ethanol under reflux, resulting in the ethanolic extract (EEAO, Nomura et al. 2013) . EEAO was evaporated, resuspended in water, lyophilized, and then resuspended in ethanol-water. Finally, the resuspended part was subjected to a liquid-liquid partition in hexane, providing the hexane fraction (HF), which was analyzed by gas chromatography-mass spectrometry (GC-MS).
The pharmacological treatment with HF and IBA was based on previous data that demonstrated the antinociception promoted by alkylamides at low dose (Dallazen et al. 2018) . Thus, the animals were locally pretreated with HF or IBA at 0.01, 0.1, and 1 µg/20 µL (i.pl.).
Carrageenan-induced acute mechanical allodynia and paw oedema in mice
The animals were placed in individual boxes (18 cm × 11 cm × 20 cm) on an elevated mesh platform and acclimated for 1 h. Mice were pretreated with vehicle (V: sterile 0.9% saline, 10 mL/kg, intraperitoneally, i.p.; 0.002% Tween 80 or 0.02% DMSO, both in 0.9% saline, i.pl.), dexamethasone (DEXA: 1 mg/kg, i.p; a synthetic glucocorticoid), HF or IBA (0.01, 0.1, and 1 µg/20 µL, i.pl.). After 15 min from local pretreatment and 30 min after systemic pretreatment the acute inflammatory response was induced by an intraplantar injection of carrageenan in the right hindpaw (CAR: 300 µg/20 µL, i.pl.) or vehicle (V: sterile 0.9% saline, 20 µL, i.pl.). The mechanical allodynia was accessed with Von Frey filaments (0.04-4 g, North Coast Medical, Morgan Hill, CA, USA) on the basis of the up-and-down method to determine 50% paw withdrawal threshold (g) (Dixon 1980; Chaplan et al. 1994) . Concomitantly, to evaluate the oedema, the paw thickness was measured using a digital micrometer (Digimess, São Paulo, SP, BR) and expressed as "variation in paw thickness (Δ mm)" (Rossato et al. 2015) . Both parameters were assessed previously, before the treatments (basal values, B), and 0.5, 1, 2, 3, 4, 5, and 6 h after carrageenan injection.
The percentage antiallodynic and anti-oedematogenic effects were calculated at each time point, using the following equation:
Preparation of subcellular fractions of plantar surface of mice hindpaws
Considering that the best in vivo results were achieved with both HF and IBA at 0.1 µg, the experimental protocol was repeated to harvest the hindpaw tissues 3 h after carrageenan injection (inflammatory peak) and investigate the antioxidant and anti-inflammatory mechanisms of alkylamides.
Then, the plantar surfaces were homogenized with 200 mM potassium phosphate buffer (pH 6.5). The % Antiallodynic or Anti-oedematogenic effect
homogenate was used to determine the levels of reduced glutathione (GSH) and lipid hydroperoxides (LOOH). Subsequently, the homogenate was centrifuged at 9000×g for 20 min at 4 °C, and the supernatant was used for the evaluation of superoxide dismutase (SOD) and catalase (CAT) activities, whereas the pellet was used to determine the myeloperoxidase (MPO) levels. Furthermore, the hindpaw tissue was used for the determination of cytokine (tumor necrosis factor alpha, TNF-α; interleukin 1 beta, IL-1β; and interleukin 10, IL-10) levels through homogenization in RIPA buffer with protease and phosphatase inhibitors before being centrifuged at 9000×g for 20 min at 4 °C. The tissue used for the determination of prostaglandin E 2 (PGE 2 ) was homogenized in 0.1 M phosphate buffer (pH 7.4) containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 10 µM ibuprofen.
The protein content in each sample was determined by the Bradford (1976) method (Bio-Rad, Hercules, CA, USA), using bovine serum albumin as standard (0.062-5 mg/mL) and measuring the absorbance at 540 nm.
Determination of myeloperoxidase activity
To measure the MPO activity (an indirect marker of neutrophil infiltration), the pellet obtained was re-suspended in 1 mL of 80 mM potassium phosphate buffer (pH 5.4) plus hexadecyltrimethylammonium bromide (HTAB) and centrifuged at 11,000×g for 20 min at 4 °C. The supernatant (30 µL) was mixed with 0.017% H 2 O 2 and 18.4 mM 3,3′,5,5′-tetramethylbenzidine (TMB) in phosphate buffer and incubated for 3 min at 37 °C. The colorimetric reaction was stopped with sodium acetate (1.46 M, pH 3.0) and the absorbance was determined at 620 nm. The results are expressed as optical density (O.D.)/mg of protein (Bradley et al. 1982; De Young et al. 1989 ).
Determination of hindpaw cytokine levels
The cytokine levels were evaluated by enzyme-linked immunosorbent assay (sandwich ELISA). Sample aliquots of supernatant (100 µL, 1:1 dilution) were used to measure TNF-α, IL-1β, and IL-10 levels using murine cytokine ELISA kits (Peprotech EC Ltd, London, UK), according to the manufacturer's instructions. The absorbance for IL-1β detection was measured using a microplate reader at 405 nm with a correction wavelength of 650 nm, and for TNF-α and IL-10 detections it was read at 450 nm with a correction wavelength of 620 nm. The values of TNF-α, IL-1β, and IL-10 absorbances were interpolated using standard curves for each cytokine (0-2500; 0-4000; 0-2000 pg/mL, respectively) and expressed as picograms per milligram of protein.
Determination of prostaglandin E 2 levels
The PGE 2 levels in purified samples from hindpaws tissues were quantified using a competitive ELISA kit-monoclonal according to the manufacturer (Cayman Chemical, Ann Arbor, MI, USA). The PGE 2 standard curve range from 7.8 to 1000 pg/mL.
Determination of lipid hydroperoxides content
The content of LOOH in the homogenate was measured on the basis of the ferrous oxidation-xylenol orange (FOX2) method (Jiang et al. 1992) . Samples (40 µL) were mixed with 90% methanol (1:1) and centrifugated at 10,000×g for 30 min at 4 °C. The supernatants were incubated for 30 min with FOX2 reagent [4 mM butylated hydroxytoluene (BHT), 250 mM, FeSO 4 , 25 mM H 2 SO 4 , and 100 mM xylenol orange]. The absorbance of the colorimetric reaction was measured at 560 nm, and the results are expressed as millimoles per milligram of tissue.
Determination of superoxide dismutase activity
The measured of SOD activity was based on its capacity to inhibit pyrogallol autoxidation. For this, supernatants aliquots (20 µL) were added to 200 mM Tris HCl-EDTA buffer solution (pH 8.5) and vortexed. Then, 25 µL of 1 mM pyrogallol was mixed and incubated for 20 min. The reaction was stopped with 1 N HCl, centrifuged for 4 min at 14,000×g at room temperature, and the absorbance read at 405 nm. One unit (U) of SOD activity was defined as the amount of SOD that inhibited the oxidation of pyrogallol by 50%, relative to the control. The results of SOD activity are expressed as units per milligram of protein (Marklund and Marklund 1974; Gao et al. 1998 ).
Determination of catalase activity
The CAT activity was evaluated according to the method of Aebi (1984) on the basis of its capacity to decompose hydrogen peroxide (H 2 O 2 ) resulting in the decrease of optical density. Aliquots (5 µL) of supernatants were mixed with the reaction buffer (1 mM Tris, 5 mM EDTA, and 30% H 2 O 2 , pH 8.5), and the absorbance was read at 240 nm every minute for 5 min. The CAT activity was defined as the amount of enzyme required to split 1 nM of H 2 O 2 per min at 25 °C. The results are expressed as millimoles per minute per milligram of protein.
Determination of reduced glutathione levels
To measure the GSH levels, aliquots from homogenate (50 µL) were mixed with 12.5% trichloroacetic acid (TCA), vortexed vigorously, and centrifugated at 900×g for 15 min at 4 °C. Subsequently, the supernatants obtained were mixed with 400 mM Tris-HCl buffer (pH 8.5) and 10 mM 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), which react with GSH to generate 2-nitro-5-thiobenzoic acid (a yellow compound). The absorbance was read at 415 nm, and the values were interpolated into a standard curve of GSH (0.312-500 µg/mL) and corrected for the tissue weight (Sedlak and Lindsay 1968). The results are expressed as micrograms per gram of tissue.
2,2-Diphenyl-1-picrylhydrazyl radical scavenging assay
The antioxidant property of natural products is commonly evaluated by their capacity in scavenging the stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) in vitro. The reduction of DPPH produces a colorimetric reaction that can be measured as a decrease of absorbance as demonstrated by Blois (1958) . Briefly, 225 μL of ascorbic acid (AA, 50 μg/ mL, a positive control), HF or IBA (30-1000 μg/mL) or respective vehicles (distilled water, 0.53% Tween 80 or 1.11% DMSO) were mixed with 75 μL of DPPH (40 μg/mL) and incubated for 5 min. The absorbance was read at 517 nm and the individual values were interpolated in a standard curve of DPPH (0-60 μM). The experiment was performed in triplicate for each dilution and the results are expressed as micromolar DPPH.
Statistical analyses
The results of inflammatory and oxidative stress parameters were evaluated by one-way analysis of variance (ANOVA), followed by Bonferroni's multiple comparison post hoc test, and unpaired t test for comparison between naïve (N) and vehicle (V) groups. The data concerning mechanical allodynia and paw oedema were analyzed using two-way repeated measures ANOVA followed by Bonferroni's multiple comparisons post hoc test. All the results are presented as mean ± SEM and the level of significance was set as P < 0.05. The analyses were performed using the GraphPad Prism ® version 6.0 (GraphPad Software, San Diego, USA).
Results
Effect of local pretreatment with HF and IBA on mechanical allodynia and paw oedema induced by carrageenan
As expected, the acute inflammatory process induced by intraplantar injection of carrageenan manifested as mechanical allodynia and oedema. Carrageenan injection decreased the paw withdrawal threshold from 1.5 ± 0.1 (basal value, B) to 0.4 ± 0.1 g (0.5 h), 0.07 ± 0.0 g (3 h), and 0.04 ± 0.0 g (6 h) ( Fig. 1a ). In the same way, considering the basal values of paw thickness (B), carrageenan-induced oedema formation starting at 0.5 h (1.1 ± 0.1 mm), until 3 h (1.7 ± 0.1 mm) and 6 h (1.8 ± 0.1 mm) (Fig. 1b) . The systemic dexamethasone pretreatment abolished the mechanical allodynia and oedema induced by carrageenan until 5 and 6 h, respectively.
Local pretreatment with 0.01 μg HF significantly reduced the mechanical allodynia by 61.0% at 0.5 h after carrageenan injection when compared to the vehicle group (V + CAR, Fig. 1a ). At 0.1 μg, HF prevented the mechanical allodynia by 100.0%, 87.7%, 82.2%, and 96.5% at 0.5, 1, 2, and 3 h, respectively, when compared to the vehicle group (V + CAR, Fig. 1a ). The highest tested dose of HF (1 μg) partially prevented the allodynia by 46.8% at 1 h after carrageenan injection (Fig. 1a) . The anti-oedematogenic effect was only observed with 0.1 μg HF, which prevented the oedema formation by 61.4%, 70.0%, 80.4%, 83.5%, 37.6%, and 35.2% at 0.5, 1, 2, 3, 4 and 5 h, respectively, when compared to the vehicle group (V + CAR, Fig. 1b ).
On the other hand, 0.01 and 1 μg of IBA significantly reduced the mechanical allodynia by 47.6% and 48.7%, respectively, at 1 h, when compared to the vehicle group (V + CAR, Fig. 1c ). The pretreatment with 0.1 μg IBA promoted 98.3%, 77.3%, 77.6%, and 53.7% of antiallodynic effect at 0.5, 1, 2, and 3 h, respectively, after carrageenan administration (V + CAR, Fig. 1c ). The oedema formation was significantly reduced by 34.8% and 30.1% by 0.01 μg IBA at 1 and 2 h, respectively, when compared to the vehicle group (V + CAR, Fig. 1d ). Moreover, 0.1 μg IBA reduced the paw thickness by 74.3%, 61.6%, 74.7%, 63.3%, 26.8%, and 28.4% at 0.5, 1, 2, 3, 4, and 5 h, respectively, when compared to the vehicle group (V + CAR, Fig. 1d ). At 1 μg, IBA also reduced the carrageenan-induced oedema by 33.3%, 28.7%, and 24.8% at 0.5, 1, and 2 h, respectively.
Given the effective and long-lasting antiallodynic and anti-oedematogenic effects promoted by HF and IBA at 0.1 μg, the inflammatory and oxidative stress parameters were evaluated following local treatment with this dose.
Effect of HF and IBA on neutrophil infiltration and cytokine levels
The intraplantar injection of carrageenan induced a high neutrophil infiltration in hindpaw tissue revealed by high activity of MPO, when compared to the naïve group (N: 2.1 ± 0.1 O.D./mg of protein; Fig. 2 ). The pretreatment with dexamethasone, HF and IBA at 0.1 μg reduced the MPO activity by 48.7%, 68.9%, and 49.4%, respectively, when compared to the vehicle group (V: 11.1 ± 0.9 O.D./mg of protein, Fig. 2 ).
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The acute inflammatory process induced by carrageenan increased the TNF-α levels (Fig. 3a) , which were significantly reduced by dexamethasone, HF and IBA (0.1 μg) pretreatments by 57.1%, 64.4%, and 57.3%, respectively, when compared to the vehicle group (V: 1400.5 ± 243.9 pg/mg of protein). In the same way, the high levels of IL-1β (Fig. 3b ) induced by carrageenan also were markedly reduced by dexamethasone, HF and IBA by 85.5%, 76.8%, and 80.8%, when compared to the vehicle group (V: 1192.0 ± 131.5 pg/mg of protein). Intraplantar injection of carrageenan reduced the levels of the anti-inflammatory cytokine IL-10 by 52.7% (Fig. 3c) , when compared to the naïve group (N: 2221.6 ± 287.4 pg/mg of protein). Dexamethasone and 0.1 μg HF prevented the decrease of IL-10 levels by 41.6% and 49.3%, respectively, in comparison to the vehicle group (V: 1052.2 ± 103.8 pg/mg of protein). Conversely, IL-10 levels were not altered by intraplantar injection of 0.1 μg IBA (Fig. 3c ).
Effect of HF and IBA on PGE 2 levels
As can be seen in Fig. 4 , inflamed hindpaw tissues collected 3 h after intraplantar injection of carrageenan and paw oedema (Δ mm) were evaluated before (basal value. B) and after carrageenan injection at 0.5, 1, 2, 3, 4, 5, and 6 h. The results are expressed as mean ± SEM (n = 7). # P < 0.05 , $ P < 0.05, and *P < 0.05 comparing the vehicle (V + V), DEXA, and HF or IBA treated groups, respectively, to vehicle + carrageenan (V + CAR) group (twoway ANOVA followed by Bonferroni test) revealed elevated levels of PGE 2 when compared to the naïve group (N: 224.8 ± 41.5 pg/mL). Dexamethasone and 0.1 μg HF treatments significantly reduced PGE 2 levels by 38.7% and 39.2%, when compared to the vehicle group (V: 639.4 ± 23.9 pg/mL). Again, PGE 2 levels were unchanged following intraplantar injection of 0.1 μg IBA.
Effect of HF and IBA on antioxidant systems
The local inflammation induced after intraplantar injection of carrageenan is accompanied by an intense oxidative stress response, which was firstly reveled by a high content of LOOH in hindpaw homogenate tissue of vehiclepretreated animals, in comparison to the naïve animals (N: 9.9 ± 1.1 mmol/mg of tissue). Dexamethasone, HF and IBA (0.1 μg) treatments prevented the LOOH production by 75.3%, 66.8%, and 41.6%, when compared to the vehicle group (V: 28.3 ± 1.0 mmol/mg of tissue) (Fig. 5a) .
Similarly, hindpaw inflammation induced by carrageenan quietly decreased the activity of SOD enzyme by 9.4% (V: 9.5 ± 0.2 U/mg of protein), when compared to the naïve animals (N: 10.5 ± 0.3 U/mg of protein), whereas dexamethasone, HF and IBA (0.1 μg) treatments also restored SOD activity by 13.3%, 18.8%, and 10.4%, when compared to vehicle group (Fig. 5b) . As expected, CAT activity was significantly reduced by 62.5% in the vehicle group after intraplantar injection of carrageenan (V: 0.3 ± 0.1 mmol/ min/mg of protein) when compared to the naïve group (N: 0.8 ± 0.1 mmol/min/mg of protein). Interestingly, CAT activity was re-established by 56.3%, 55.2%, and 50.7% by dexamethasone, HF and IBA (0.1 μg), respectively, when compared to the vehicle group (Fig. 5c) .
Moreover, the levels of the non-enzymatic antioxidant agent (GSH) were strongly depleted following the intraplantar injection of carrageenan by 84.8% (V: 2502.2 ± 344.8 µg/g of tissue), when compared to the naïve group (N: 16512.6 ± 4121.0 µg/g of tissue). Dexamethasone, HF and IBA (0.1 μg) significantly prevented the GSH depletion by 64.7%, 65.7%, and 64.9%, when compared to the vehicle group (Fig. 5d ). 
Effect of HF and IBA on DPPH free radical scavenging
AA at 50 μg/mL and HF at 300 and 1000 µg/mL scavenged the DPPH in vitro radicals by 53.1%, 43.3%, and 100%, respectively, when compared to the vehicle group (V).
Interestingly, IBA at all tested concentrations was unable to decrease the DPPH radical concentration (Table 1 ).
Discussion
The ethnomedicinal knowledge of plants guides and encourage many research groups to investigate new and more efficient therapies to treat pain and inflammation. Alkylamides have been studied for years through pharmacological assays to better elucidate their analgesic and anti-inflammatory properties, and to establish this class of molecules as a target for the development of new drugs. In this sense, this study shows the promising effects of both local pretreatments with natural alkylamides from Acmella oleracea and the synthetic Recently, our group demonstrated that the intraplantar injection of increasing doses of HF and IBA promotes dual effects in mice. Interestingly, when administered above of 1 μg, alkylamides clearly induced nociceptive-like behaviors, restricting the dose(s) chosen for further antinociceptive investigation (Dallazen et al. 2018) .
The intraplantar administration of carrageenan promoted intense acute inflammatory response with concomitant and rapid development of mechanical allodynia and oedema, starting at 30 min and persisting up 6 h. The oedema occurs mainly as a result of the release of histamine, serotonin, bradykinin, and prostaglandin (Vinegar et al. 1969; Rosa 1972) . Consequently, these pro-inflammatory mediators lead to activation and sensitization of nociceptors, producing mechanical allodynia (Ji et al. 2016) . The local pretreatment with 0.01 and 1 μg HF displayed a short-term antiallodynic effect that could be related to the anesthetic property of natural alkylamides from jambu, without affecting oedema formation. Likewise, 0.01 and 1 μg IBA reduced the mechanical allodynia for 1 h and presented a low anti-inflammatory effect, reducing the paw oedema for 2 h following carrageenan injection. However, the more significant and longerlasting antiallodynic and anti-oedematogenic effects were promoted by HF and IBA at 0.1 μg, detected until 3 and 5 h after carrageenan injection, respectively. Similarly, a cold extract of aerial parts from Acmella oleracea administrated orally also prevented oedema formation in a carrageenan model in rats (Chakraborty et al. 2004 ). Hernández et al. (2009) showed that an ethanolic extract rich in alkylamides from Heliopsis longipes was more potent than the purified spilanthol (mainly alkylamide in the extract) in arachidonic acid-induced ear oedema in mice. Likewise, alkylamides with 4-fluorobenzyl or benzyl radicals on the indole ring also reduced the paw oedema induced by carrageenan in rats, the alkylamide with a 4-fluorobenzyl radical being the most potent antiinflammatory molecule tested (Fouchard et al. 2001 ). Furthermore, during the inflammatory process, the sensitization of channels and receptors expressed in the nociceptors, such as TRPV1, has an important role in allodynia development (Watanabe et al. 2015) . In this context, the alkylamides from jambu, IBA, and pure spilanthol have already been described as TRPV1 antagonists (Dallazen et al. 2018) , which could contribute to the antiallodynic effect observed in this study.
The anti-inflammatory effect of natural alkylamides from jambu and synthetic IBA are reinforced by the inhibition of neutrophil infiltration into the inflamed site. The adhesion of neutrophils on endothelium occurs by interaction with intercellular adhesion molecule 1 (ICAM-1), an important prior step that leads to the cell migration through venular walls (Nourshargh and Alon 2014) . Huang et al. (2018) , using an in vitro model of IL-1β-induced lung inflammation, showed that spilanthol, the main alkylamide in HF, suppressed the monocyte adhesion to epithelial cells by decreasing ICAM-1 expression via inhibition of nuclear factor (NF)-κB and mitogen-activated protein kinase (MAPK) signaling pathways. Therefore, we could suggest that the inhibition of neutrophil migration, which was revealed by low MPO activity in inflamed paw tissue, could involve the inhibition of ICAM-1 expression by HF and IBA. Recently, Kim et al. (2018) have shown that the methanolic extract using the whole plant Acmella oleracea (syn. Spilanthes acmella Murray) suppressed the MPO activity in lung after intratracheal injection of LPS in mice. The authors suggested that the anti-inflammatory effect is a result of a collective action between spilanthol and other phytochemicals (isoquercetin, scopoletin, ferulic and vanillic acids) found in the extract.
During the inflammatory response, the release of cytokines such as TNF-α and IL-1β displays a crucial role in the maintenance of inflammation, through cell recruitment and migration; development and maintenance of pain and allodynia by direct activation and sensitization of nociceptors; and oedema formation (Cook et al. 2018 ). Locally, it was observed that HF and IBA prevented the release of TNF-α and IL-1β. The transcription of these cytokines is regulated by activation of NF-κB pathways (Li and Verma 2002) . Wu et al. (2008) have shown in vitro that spilanthol inactivated NF-κB signaling through inhibition of IκB phosphorylation, reducing the release of inflammatory cytokines (TNF-α, IL-1β, and IL-6) in LPS-treated murine macrophages, corroborating our in vivo results.
In our experimental conditions, the levels of anti-inflammatory IL-10 were reduced after carrageenan injection, and only DEXA or the local pretreatment with alkylamides from jambu (HF) maintained basal levels of IL-10, preventing its depletion. IL-10 not only potently inhibits the production of pro-inflammatory cytokines, such as TNF-α and IL-1β (Moore et al. 2001 ) but also induces the expression of other anti-inflammatory and antioxidant agents, like heme oxygenase-1 (HO-1), a stress-response protein induced during oxidative stress (Lee and Chau 2002) . Here, HF, which is rich in spilanthol, maintained IL-10 levels in vivo, whereas Huang et al. (2018) showed that pure spilanthol upregulated HO-1 protein expression in vitro. Collectively, these data could suggest that spilanthol is somehow involved in the IL-10/OH-1 signaling pathway to promote its anti-inflammatory and antioxidant effects. Increased IL-10 levels were observed in mouse splenocyte following in vitro incubation with an aqueous extract of Echinacea purpurea (Hwang et al. 2004) . Interestingly, Chicca et al. (2009) showed that two hydro-alcoholic extracts rich in alkylamides from roots and fresh herb of Echinacea purpurea did not change the IL-10 levels in human peripheral blood mononuclear cells stimulated with LPS. However, when the extracts were combined, the authors observed a superstimulation of IL-10 expression, revealing the synergistic immunopharmacological effect of alkylamides. This data could potentially explain the inability of IBA, a single and synthetic alkylamide, in sustaining IL-10 levels in mice hindpaw, different from HF, a jambu fraction rich in alkylamides.
Prostaglandins, mainly PGE 2 , are important lipid-derived mediators produced in the inflammatory process and are responsible for oedema and inflammatory pain sensitization (Pinho-Ribeiro et al. 2017) . They are a group of eicosanoids synthesized by constitutive and induced cyclooxygenase (COX) 1 and 2, respectively, from arachidonic acid (Pinho-Ribeiro et al. 2017) . The potent anti-inflammatory effect of HF observed in our model could be associated with the inhibition of PGE 2 synthesis. In fact, the suppression of COX-2 expression by spilanthol, a major alkylamide of jambu (Wu et al. 2008; Huang et al. 2018) , reinforces our results. Additionally, the amide carbonyl group present in the spilanthol structure could interact with a serine residue at position 516 in the active site of COX-2 via nucleophilic attack, resulting in enzyme inhibition (Prachayasittikul et al. 2013) . Here, IBA did not prevent PGE 2 production in vivo. We therefore hypothesize that the tested dose of IBA (0.1 µg) was not enough to prevent PGE 2 production, and that the efficacy of HF in reducing PGE 2 levels at low dose could result from the synergism between alkylamides (Prachayasittikul et al. 2013) .
It is important to mention that other studies using alkylamides from different plants have been conducted to demonstrate the mechanisms of action involved in the antiinflammatory activity in vitro. Echinacea extracts and a dodeca-2E,4E-dienoic acid isobutylamide inhibited mast cell degranulation and TNF-α and PGE 2 release (Gulledge et al. 2018) . Similarly, Echinacea alkylamides inhibited TNF-α expression via cannabinoid CB2 receptor activation (Gertsch et al. 2004) , and inhibited COX-2 activity (Hinz et al. 2007) . Guineensine, an alkylamide from Piper nigrum, showed analgesic and anti-inflammatory effects related to inhibition of the endocannabinoid uptake and activation of cannabinoid CB1 receptor (Reynoso-Moreno et al. 2017 ). Finally, alkylamides from Heliopsis helianthoides and Lepidium meyenii also presented potential cannabimimetic action (Hajdu et al. 2014) .
The oxidative stress generated during inflammation is attributed to the infiltration of activated neutrophils with high MPO activity into tissue (Kettle and Winterbourn 1997) . Production of reactive oxygen species (ROS) and other free radicals exerts a negative influence on the endogenous antioxidant system and leads to production of LOOH and cell damage (Pisoschi and Pop 2015) . Accumulation of intracellular free radicals is essentially combated by three antioxidant components: GSH and SOD and CAT enzymes.
Briefly, SOD converts superoxide radical into H 2 O 2 , while CAT converts H 2 O 2 into H 2 O and O 2 . The non-enzymatic antioxidant, GSH, is a cofactor of glutathione peroxidase (GPx), which converts H 2 O 2 into H 2 O (Costa et al. 2018) . Natural alkylamides of HF and the synthetic IBA administrated locally prevented the formation of LOOH, the decrease of SOD and CAT activities, and the depletion of GSH levels. However, the restoration of balance between the oxidant and antioxidant system could not be attributed to the scavenging of free radicals, considering that only HF at high concentrations (300 and 1000 µg/mL) displayed this property. These observations reinforce the notion that the mechanisms whereby HF and IBA promote the conservation of endogenous antioxidants agents is correlated with the inhibition of inflammatory cell migration, preventing the respiratory burst and consequent ROS production. Indeed, several extracts from Acmella oleracea have been tested in the DPPH assay. The ethyl acetate extract of dried flowers and methanolic extracts from aerial parts exhibited high radical scavenging capacity (Wongsawatkul et al. 2008; Wu et al. 2008; Prachayasittikul et al. 2009 ). However, this property was attributed to the presence of phenolic compounds and coumarin in the extracts obtained using polar solvents, whereas Acmella oleracea extracts prepared with nonpolar solvents showed weak antioxidant activity. In this regard, Wongsawatkul et al. (2008) showed that triterpenes and long hydrocarbon chains with esters or alcohol groups identified in hexane extract of aerial parts from Acmella oleracea presented low DPPH scavenging activity. Moreover, hydroalcoholic extracts of Echinacea purpurea and Echinacea angustifolia (Aarland et al. 2017) and several extracts obtained with polar solvents (water, methanol, and ethanol) from Zanthoxylum bungeanum (Chung et al. 2013; Ma et al. 2018) also demonstrated antioxidant effects on DPPH assay. It is pertinent to note that all these plants are rich in alkylamides, but the antioxidant ability is attributed to the high content of phenols and flavonoids. Recently, Chakthong et al. (2018) showed that the (2E, 6E, 8E)-N-(2-methylpropyl)-10-oxo-2,6,8-decatrienamide isolated from Zanthoxylum nitidum presented low antioxidant activity in the DPPH assay. Collectively, we concluded that natural alkylamides from HF and the synthetic IBA displayed a weak free radical scavenging ability.
Conclusion
We have shown that the local pretreatment with alkylamides from jambu flowers (HF) and with synthetic IBA presented a potent anti-inflammatory property in carrageenan-induced acute inflammation, reducing the allodynia and paw oedema in mice. Locally, this was achieved by inhibition of (a) neutrophil migration, (b) pro-inflammatory cytokine release, and (c) oxidative stress. Moreover, HF also reduced PGE 2 synthesis and maintained IL-10 levels. Accordingly, the present findings strengthen the potential of alkylamides to treat inflammatory pain conditions and add promising data to support further studies.
